The oxidation kinetics of 5 vol% nano-Ni dispersed Al 2 O 3 with Si-doping (nano-Ni/Al 2 O 3 -Si) was studied in the present paper. The starting powder mixture was prepared by drying aqueous slurry consisting of alumina with nickel nitrate and Si (OCH 3 ) 4 . The powder mixture was reduced at 600 C for 12 h in a stream of Ar-1%H 2 gas mixture. Nano-Ni/Al 2 O 3 -Si was densified by pulsed electric current sintering. The oxidation test was conducted at 1200-1350 C for 1-14 d in air. Oxidized zone consisted of Al 2 O 3 matrix and NiAl 2 O 4 as the oxidation product. Growth of the oxidized zone followed a parabolic manner. A thin NiAl 2 O 4 layer was also observed on the sample surface. Si-doping decreases growth rate of oxidized zone effectively at lower temperatures such 1200 C.
Introduction
Alumina ceramics have high mechanical strength, chemical stability, excellent heat resistance and low production cost, so that they have been applied under high-temperature conditions such as cutting tools and high-temperature gas filters. In general, ceramics including Al 2 O 3 have disadvantage of structure sensitivity, i.e., they are easy to be broken by giving an impact loading. 1) Nanocomposites are known as reinforced ceramic materials with improved mechanical strength and fracture toughness. [2] [3] [4] [5] [6] [7] [8] [9] In nanocomposite systems, nano-Ni dispersed Al 2 O 3 hybrid materials (nano-Ni/Al 2 O 3 ) have been investigated well concerning mechanical properties such as bending strength, hardness and fracture toughness. [4] [5] [6] [7] [8] [9] However, when their nanocomposites are applied at high temperatures, oxidation behavior of dispersed metals must be understood to design their lifetime.
Wang et al. 10) reported that high-temperature oxidation behavior of 5-15 vol% nano-Ni/Al 2 O 3 at 1000-1300 C in air. The oxidation was evaluated by mass change and microstructure observation. As a result, a dense NiAl 2 O 4 spinel was formed on the surface after oxidation. Growth of oxidized zone followed a parabolic manner. Nanko et al. 11) reported that oxidation behavior of nano-Ni/Al 2 O 3 at temperatures ranging from 1200 to 1350 C in air. They concluded rate-controlling process was grain boundary diffusion.
On the other hand, some dopants in polycrystalline Al 2 O 3 have been studied to decrease strain rate in high-temperature creep. [12] [13] [14] [15] Yoshida et al. [13] [14] [15] reported that high-temperature creep behavior of Al 2 O 3 matrix doped some elements at 1250 C under a compressive stress of 50 MPa. As a result, Lu, Y, La, Sr and Si doping decreased strain rate, in contrast Cu, Ti and Mg doping increased. It is noted even Si, not a rare earth element, is effective to increase creep resistance. They described that the dopant effect on the high temperature creep resistance in polycrystalline Al 2 O 3 is in good agreement with the change in the ionic bonding strength between Al and O.
Grain boundary diffusion in polycrystalline Al 2 O 3 would be changed by segregation of dopants in grain boundary. The creep resistance would be dominated by grain boundary diffusion in this condition. In fact, oxygen diffusion at grain boundary of Al 2 O 3 with Y-doping is slower than that of nondoped Al 2 O 3 .
16)
Grain boundary diffusion is the rate controlling process in high-temperature oxidation at nano-Ni/Al 2 O 3 . Si-doped nano-Ni/Al 2 O 3 (nano-Nii/Al 2 O 3 -Si) can be enhanced hightemperature oxidation resistance by decreasing grain boundary diffusion. In this present study, high-temperature oxidation behavior of 5 vol% nano-Ni/Al 2 O 3 -Si was investigated.
Experimental Procedure
The starting powder mixture was prepared as a slurry consisting of Al 2 O 3 (purity 99.99%, average particle size is 0.44 mm) with Ni (NO 3 ) 2 Á6H 2 O to be 5 vol % of Ni particles and Si (OCH 3 ) 4 with distilled water. Si (OCH 3 ) 4 was added into the slurry to be 0.1 mol% of Si for Al 2 O 3 powder. The slurry without Si (OCH 3 ) 4 was also prepared for comparison. After drying at 400 C and milling for 10 min by a mortar, the starting powder mixture was reduced at 600 C for 12 h in a stream of Ar-1% H 2 gas mixture. Nano-Ni/Al 2 O 3 -Si was densified by pulsed electric current sintering at 1400 C of die temperature under 40 MPa in uni-axial pressure for 5 min in holding time in vacuum. The sintered sample attained a density of at least 99% of the theoretical value. Sample surface was ground by 40 mm diamond grinding disc and then polished by using 2 mm diamond slurry until mirror finish. Figure 1 shows SEM images of fractured surfaces of nanoNi/Al 2 O 3 and nano-Ni/Al 2 O 3 -Si. Average Al 2 O 3 grain sizes were approximately 1.1 mm in both of samples. Ni particles, which were white dots, were dispersed homogeneously. Their average particle size was approximately 400 nm. No Si-rich phase was not detected by using EPMA.
A sample was put on alumina balls in an alumina crucible. Oxidation test was conducted at 1200-1350 C for 1-14 d in air. Heating rate in these experiments was 400 K/h. Samples were kept in furnace until temperature was reached room temperature after oxidation. Phase identification of sample surface were conducted by using X-ray diffraction (XRD). After cutting and polishing the sample, microstructure of oxidized sample was observed to determine thickness of oxidized zone by using scanning electron microscope (SEM). Figure 2 shows SEM images of fractured surfaces of nanoNi/Al 2 O 3 and nano-Ni/Al 2 O 3 -Si oxidized at 1300 C for 1 d in air. Average grain size of samples was approximately 1.1 mm and similar to as-sintered ones. Grain growth was not significant during high-temperature oxidation. There was not significant difference in grain boundary diffusion path between nano-Ni/Al 2 O 3 and nano-Ni/Al 2 O 3 -Si. Figure 3 represents XRD patterns of sample surface after oxidation at 1300 C. After oxidation for 1 d, peaks of NiAl 2 O 4 were obtained. On the other hand, peaks of Ni and NiO could not be identified. Any peaks concerning Si did not exist. These facts mean that Ni particles reacted with Al 2 O 3 matrix as the following equilibrium: Intensity, I / a. u. Figure 5 shows the thickness of oxidized zone in nano-Ni/ Al 2 O 3 and nano-Ni/Al 2 O 3 -Si as function of oxidation time at various temperatures. Thickness of oxidized zone in both of samples were increased with increasing oxidation temperature. Growth of oxidized zone was followed a parabolic manner:
Experimental Results
where x is thickness of oxidized zone, k p the parabolic constant and t oxidation time. Growth rate of oxidized zone in nano-Ni/Al 2 O 3 -Si was lower than that of nano-Ni/Al 2 O 3 at lower temperatures such as 1200 C. Figure 6 shows the parabolic rate constant as function of reciprocal oxidation temperature. The slope of nano-Ni/ Al 2 O 3 -Si was larger than nano-Ni/Al 2 O 3 . The apparent activation energies for growth of oxidized zone in nanoNi/Al 2 O 3 -Si and nano-Ni/Al 2 O 3 are equal to be 637 and 492 kJÁmol À1 , respectively.
Discussion
Thickness of surface NiAl 2 O 4 layer grown by outward diffusion of cations is much thinner than oxidized zone as shown in Fig. 4 . In contrast, thickness of thin surface layer was similar in both of nano-Ni/Al 2 O 3 and nanoNi/Al 2 O 3 -Si. It implies that Si-doping decreases grain boundary diffusion of oxygen during high-temperature oxidation, but does not affect significantly outward diffusion of cations.
According to Nanko et al., 18) the rate-controlling process is grain boundary diffusion of oxygen in nano-Ni/Al 2 O 3 during high temperature oxidation. As shown in Fig. 5 , growth rate of oxidized zone in nano-Ni/Al 2 O 3 -Si was lower than that of nano-Ni/Al 2 O 3 . The value of apparent activation energy for growth of oxidized zone of nano-Ni/Al 2 O 3 -Si was higher than that of nano-Ni/Al 2 O 3 as shown in Fig. 6 . Ikuhara et al., 15) reported that observation at grain boundary by high resolusion transmission electron microscope on 0.1 mol% Sidoped Al 2 O 3 . According to their report, any second phase was not observed at grain boundaries. Segragation of Si ions at grain boundaries of Al 2 O 3 matrix should decrease grain boundary diffusion of oxygen during high-temperature oxidation. Table 1 lists the values of apparent activation energy of the kinetic phenomena related to grain boundary diffusion in polycrystalline Al 2 O 3 based materials. The values of the activation energy on the samples without any rare-earth elements are ranged from 400 to 550 kJÁmol À1 . Doping the rare-earth elements increases over 600 kJÁmol À1 . The value of the activation energy of nano-Ni/Al 2 O 3 was similar with those without the rare-earth elements. The value of activation energy on high-temperature oxidation of nano-Ni/Al 2 O 3 -Si was within the range with the doping of the rare-earth elements. Doping Si in polycrystalline Al 2 O 3 would affect their grain boundaries similarly to the doping of rare-earth elements.
In the present study, grain boundaries of Al 2 O 3 matrix in the oxidized zone must be doped with Ni. Grain boundaries of Si-doped one is regarded as being co-doping Ni and Si. In order to understand effects of Si-doping on grain boundary diffusion during high-temperature oxidation of nano-Ni/ Al 2 O 3 -Si, further research is necessary.
Conclusion
High-temperature oxidation behavior of nano-Ni/Al 2 O 3 with Si-doping was investigated. Oxidized zone consisted of Al 2 O 3 matrix and NiAl 2 O 4 as the oxidation product. A thin NiAl 2 O 4 layer was also observed in top surface. Growth of the oxidized zone followed a parabolic manner. Si doping decreases growth rate of oxidized zone at lower temperatures such as 1200 C. Si-doping is effective to improve oxidation resistance of nano-Ni/Al 2 O 3 at grain boundaries. 
